Background. Age-related olfactory loss (presbyosmia) is a prevalent sensory impairment with a large public health impact. In cross-sectional analyses, we found striking health disparities in olfactory function among older U.S. adults. Here, we report a 5-year follow-up to determine the magnitude of within-person olfactory decline. Methods. The National Social Life, Health, and Aging Project (NSHAP) interviewed a probability sample of home-dwelling older U.S. adults (57-85 years) in 2005-2006 (Wave 1) and reinterviewed them in 2010-2011 (Wave 2), assessing demographics, social life, and health, including olfaction. Odor identification was measured with a 5-item version of the Sniffin' Sticks (0-5 correct). Fourteen hundred and thirty-six respondents provided olfaction data in both waves. Multivariate linear and logistic regression were used to model the association between change in olfactory performance and demographic, health, and psychosocial factors. Results. Odor identification declined most rapidly among older individuals (0.25 additional errors per 5 years for each decade of age, p < .001) and in men (0.17 additional errors per 5 years compared to women, p = .005). Among those with perfect scores in Wave 1, African Americans declined more rapidly than Whites (p = .04). Neither socioeconomic status, health conditions, cognition, mental health, alcohol use nor smoking was associated with change in olfaction (p > .05, all). Conclusions. The rate of olfactory decline increases with age and is greater among men than women despite adjusting for differences in psychosocial and health conditions, indicating physiologic factors as drivers. African Americans are more likely to experience initial olfactory decline, consistent with an earlier onset of aging among this subgroup.
compared to women and African Americans performed worse than Whites-cross-sectional differences that were constant across ages 57-85-in a nationally representative sample of older U.S. adults using cross-sectional data, leading to us to question whether men and African Americans have a more rapid age-related decline (9) . Given these differences, an important question is whether the rate of change in olfactory function among older adults differs according to gender and/or race/ethnicity. There are few well-powered studies of olfactory function over time (10) (11) (12) and no data are available on disparities in rates of change in olfaction. We therefore addressed these questions using 5-year follow-up data from the National Social Life, Health, and Aging Project (NSHAP), the first study to collect detailed data on both social relationships and health (including biomeasures) from a sample of older adults representative of the home-dwelling U.S. population.
If differences in olfactory function between groups are due to accelerated aging or progressive damage, we would expect lower performing groups (eg, men and African Americans) to decline more rapidly over time. In contrast, if these differences have already been established prior to or during middle age, the rate of decline at older ages might be expected to be the same. Because both olfactory function and agerelated health decline are associated with several health conditions, behaviors, and social factors, it is important to adjust for these factors when examining differences in the rates of olfactory change.
Methods

Respondents
In the first wave of NSHAP fielded in [2005] [2006] , interviewers from the National Opinion Research Center (NORC) conducted in-home interviews with 3,005 community-dwelling adults (1,454 men and 1,551 women) selected from the U.S. population of adults born between 1920 and 1947 (age: 57-85) (13, 14) . Five years later, data were collected again from all Wave 1 respondents who remained alive (2010-2011, Wave 2). Interviews included assessment of demographic, social, psychological, and biological measures, including olfaction as described below. Further details regarding the design, data collection, and baseline characteristics of NSHAP respondents are available elsewhere (13) (14) (15) . The Institutional Review Boards of The University of Chicago and NORC approved the study; all respondents provided written, informed consent.
NSHAP had a 75.5% weighted response rate in Wave 1 and an 88% conditional response rate in Wave 2 (among those interviewed in Wave 1 who were still alive), both excellent for longitudinal studies using probability samples (14) . Among the 3,005 Wave 1 respondents, 2,928 had complete data for the key variables considered here (olfactory identification score, age, gender, and race). By design, in Wave 2, 1,944 of these respondents were randomized to receive repeat olfactory testing. Of these, 458 were deceased, too ill to participate, could not be located or refused to be interviewed. Only 49 respondents (2.5%) refused olfactory testing, while one respondent discontinued the interview prior to the olfaction module. This yielded 1,436 respondents with olfaction data from both waves, and all analyses presented here are based on this subsample (73.9%; 694 males and 742 females; ages 57-85 at Wave 1). Respondents who died or dropped out (n = 458) were significantly different from the analytic sample in that they were less educated, older, and in poorer physical health in Wave 1 (16) . The small number of interviewed respondents who refused olfactory testing had similar olfactory ability, based on Wave 1 testing, compared with those in the analytic sample (mean number of correctly identified odors: 3.9 vs 4.2). The flow diagram of the study is presented in Supplementary  Figure 1 .
Olfactory Identification
All respondents in Wave 1 and a randomly selected two-thirds of the sample in Wave 2 were asked to complete a 5-item, validated odor identification test presented using felt-tipped pens (17, 18) (Burghart Messtechnik, Wedel, Germany). Briefly, five odorants were presented one at a time. Respondents were asked to identify each by choosing from a set of four picture/word prompts in a forced choice protocol (19) ; refusals were coded as incorrect (for test details, see (9, 20) ). The target odors were rose, leather, orange, fish, and peppermint. The number of correctly identified odors out of five was used as a score at each wave; for context, severity of olfactory dysfunction is categorized as anosmic = 0-1, hyposmic = 2-3, and normosmic = 4-5. Analyses presented here are based on the change in odor identification score, as well as the likelihood of misidentifying individual odors in Wave 2 among those who identified them correctly in Wave 1. Distributions of the score at each wave and of the change in score are shown in Table 1 .
Demographic Measures
Race (an established olfactory risk factor (9)) and Hispanic ethnicity were measured via self-report according to standard NIH questions, and respondents were then classified as White, African American, or Hispanic (those who reported their race as "Black/African American" and answered "Yes" to Hispanic ethnicity were classified as African American). Those reporting their race as "American Indian or Alaskan Native," "Asian," or "Other" were combined into a single other category. Socioeconomic status was measured by highest educational degree or certification earned and net household assets (including houses, cars, or rental properties/businesses owned, plus financial assets including savings accounts, stocks, and pensions minus outstanding debt). Distributions of age, gender, and race/ethnicity for the analytic sample are shown in Table 1 .
Factors Associated With Olfactory Dysfunction
We included in our analysis several risk factors for olfactory dysfunction, all of which were measured at Wave 1. Comorbid diseases were measured with the Charlson Index modified for NSHAP (21) . Self-rated physical health was measured by a standard 5-point scale (excellent, very good, good, fair, or poor). Current smoking, based on either salivary cotinine level or self-report, and problem drinking were also measured (9, 22) . These were included to adjust for illness and physical function, which might affect chemosensation secondarily; smoking causes nasal inflammation and thereby may affect olfaction, while alcohol use can cause liver dysfunction which can be associated with smell problems. Frequency of depressive symptoms, anxiety symptoms, and perceived stressors was measured with standard scales modified for survey use: the 11-item Center for Epidemiologic Studies Depression (CES-D) scale, the Hospital Anxiety Scale (HADS), and the Perceived Stress Scale (PSS) (23) . For all three measures, respondents were asked to select the most accurate category of symptom frequency: (a) rarely or none of the time, (b) some of the time, (c) occasionally, or (d) most of the time; the average score among all items in a scale was used in the analysis to adjust for mental health which may affect neurosensory function. Cognitive function (memory and mental arithmetic), which is closely associated with olfaction and involved in the task of matching an odor with a name/picture, was measured with a modified version of the Short Portable Mental Status Questionnaire (SPMSQ) (24) .
Statistical Analysis
To estimate the longitudinal effect of age on olfactory function, we used an approach based on that of the standard period life table, in which we used the age-specific 5-year rates of acquiring a deficit to project the experience of a hypothetical cohort, assuming that the current age-specific rates of decline remain constant (25) . Let Y a represent the response to a specific odor identification item for a respondent a years old, with Y a = 1 indicating a correct response and Y a = 0 an incorrect response. Starting with P(Y 57 = 0) estimated from Wave 1, we calculated, for a = 62, 67, 72, 77, 82, where P(Y a = 0│Y a-5 = 1) is the probability of acquiring a deficit during the 5-year period from age a -5 to age a, and 1 − P(Y a = 0│Y a-5 = 0) is the probability of "recovering" from a deficit. All probabilities were estimated using logistic regression with a linear term for age (a quadratic term was tested but was not statistically significant), stratified by gender. The resulting agespecific probabilities of failing to identify each odor correctly were then plotted.
A series of linear regression models were fit to the change in the number of correctly identified odors (Wave 2-Wave 1, so that negative values signify decline). Covariates included age, gender, race, cognition, education/household assets, self-rated physical health, comorbidity index, depressive and anxiety symptoms, perceived stress, smoking, and problem drinking status (all measured at Wave 1). Sensitivity analyses were performed by refitting the models excluding both respondents who had experienced head injury or nasal surgery (which were rare) and those reporting a cold in Wave 2, neither of which affected the results.
As we have shown previously, baseline (ie, Wave 1) olfaction differs according to age, gender, and race/ethnicity, and this may therefore confound subgroup differences in the rate of change if that change is correlated with the baseline value. However, simply including the baseline value as a fixed covariate is not appropriate due to the presence of measurement error and the resulting regression towards the mean; while it is possible to account for this, doing so requires an estimate of the measurement error which is not available with only two waves of data. Moreover, in cases where previous differences in the rate of change may already be manifest at baseline, adjusting for differences in the baseline value risks masking true differences in the rate of change (26) . In addition to these issues, the relatively limited range of the olfactory identification score may itself create problems, as for example, those with a perfect score in Wave 1 cannot improve further, while those with only 0-1 correct responses in Wave 1 have no additional room to decline. In order to address these issues and facilitate interpretation, we thus augmented our analysis by fitting a series of logistic regression models to the likelihood of scoring worse in Wave 2 than in Wave 1, conditional on the Wave 1 score. Models are presented for those scoring 3, 4, and 5 in Wave 1, which together account for 95% of the sample. These models included age, gender, and race/ethnicity as covariates.
Probability weights accounting for differential probabilities of selection and nonresponse were used in all analyses. Design-based SEs were calculated using the linearization method (27) together with the strata and Primary Sampling Unit (PSU) indicators provided with the dataset. Multiple imputation of missing data was performed as described previously (9, 28, 29) . Statistical analyses were conducted with Stata (Software release 13. StataCorp LP, College Station, TX).
Results
During the 5 years from Waves 1 to 2, 31% of respondents showed a decline in odor identification score while only 20% showed an increase-an overall decline in olfactory function that was evident in each age group ( Figure 1A) . Respondents aged 75-85 showed the greatest change (half a point lower on average) while those aged 57-64 showed the least (0.1 points lower on average) ( Figure 1B) . These age-related functional declines were observed equally among all five odors. Figure 2 plots the probability of acquiring a deficit for each odor (ie, misidentifying the odor in Wave 2 after correctly identifying it in Wave 1) by age; all curves are greater than zero and increase with age by similar rates. By age 85, the probability of acquiring a deficit over the next 5 years (among those able to identify the odor at Wave 1) ranges from 0.29 to 0.45 across the five odors.
The longitudinal effect of age from 57 to 82 on the likelihood of being unable to identify orange (chosen here as being representative of the other odors) is shown in Figure 1D , separately for men and women, together with a plot of the cross-sectional association with age for comparison. Not only is the rate of increase higher with increasing age, but is also higher for men than for women, with the probability of misidentifying the odor increasing from 0.06 to 0.29 for men and from 0.05 to 0.21 for women. Similar patterns were observed for the other four odors, though with differing overall levels depending on their relative difficulty (Supplementary Figure 2) . Thus, the longitudinal analysis reveals a more marked effect of increasing age and a gender difference in the rate of change that are not evident in the cross-sectional association. Table 2 shows the results of regressing the 5-year change in olfactory identification score on age, gender, and race/ethnicity (Model 1). Consistent with Figure 1B and D, the average decline was larger for older respondents (an additional decline of −0.24 points per decade, 95% CI: −0.34, −0.14, p < .001) and for men (an additional decline of −0.15 points relative to women, 95% CI: −0.25, −0.04, p = .007). In contrast, despite the cross-sectional disparity found among African Americans in Wave 1, there was no evidence of a larger 5-year decline among African Americans (an estimated increase relative to Whites of 0.01 points, 95% CI: −0.16, 0.17, p = .92) or Hispanics relative to Whites.
To determine if these differences (or lack thereof) were confounded by differences in socioeconomic factors, health conditions, or health behaviors, we reestimated the model adding education, household assets, cognition, self-rated physical health, comorbidity, depressive and anxiety symptoms, perceived stress, and smoking and alcohol use (Model 2). Adjusting for these covariates had almost no effect on the estimated coefficients for age, gender, and race/ethnicity. Perhaps surprisingly, none of these socioeconomic or health factors-several of which exhibit a cross-sectional association with olfactory function-was significantly associated with changes in olfaction (all p > .05).
Finally, to determine whether differences in baseline olfactory function may be spuriously causing or masking differences according to age, gender, and/or race/ethnicity, we estimated a series of logistic regression models of the probability of scoring lower in Wave 2 than in Wave 1, conditional on the Wave 1 score (Table 3) . Results were similar to the previous analysis for age and gender, with the odds of scoring worse in Wave 2 higher for both men and older respondents, regardless of whether they scored a five (no errors), four, or three in Wave 1. For example, among those with no errors in Wave 1, the odds ratio for a decade increase in age was 1.82 (95% CI: 1.40, 2.38, p < .001) and for men relative to women was 1.80 (95% CI: 1.27, 2.55, p = .001); corresponding odds ratios for those with one and two errors in Wave 1 were slightly higher and also statistically significant. In contrast, results for race/ethnicity differed from the previous analysis, with African Americans who had no errors in Wave 1 having greater odds of a decline in Wave 2 than Whites (odds ratio 1.80, 95% CI: 1.03, 3.16, p = .04); the same odds ratio was observed among those with one error in Wave 1, although it was not quite statistically significant. Among those who had two errors in Wave (C) Wave 1 cross-sectional analysis examining the probability of getting orange incorrect by age and gender. Orange was used as an exemplary odor due to its moderate difficulty. (D) Effect of age on the probability of getting orange incorrect, estimated by starting with the probability at 57 (from panel C) and applying the age-specific 5-year rates of change (analyses performed separately by gender).
1, African Americans did not differ from Whites in the likelihood of experiencing a decline over 5 years, although the number of African Americans in this group was only 54.
Discussion
To our knowledge, there are three prior longitudinal studies of olfactory function (10) (11) (12) . Ship and coworkers studied 161 healthy participants from the oral physiology component of the Baltimore Longitudinal Study of Aging, which utilized a 40-item odor identification test administered twice approximately 3 years apart. Schubert and coworkers studied 1,556 residents of Beaver Dam, Wisconsin participating in the Epidemiology of Hearing Loss Study (EHLS), with data collected using an 8-item identification test administered twice 5 years apart. Finally, Hedner and coworkers studied 836 individuals from the Swedish city of Umeå participating in the Betula project, using a 13-item odor identification test administered twice over a 5-year period. Our work builds on these prior studies by using data collected from a probability sample of the U.S. population of older, community-dwelling adults, including oversamples of African Americans and Hispanics. Thus, our results permit inferences about the entire U.S. population of older adults, as well as provide important information about differences between racial/ethnic subgroups.
Consistent with all the three prior studies, we found that the rate of olfactory decline increases markedly with increasing age, such that by age 85, the probability of losing the ability to identify a specific odor over the next 5 years is between 0.29 and 0.45 (based on the five odors studied). This fact is less evident in the cross-sectional association between olfactory identification score and age, likely due in part to a disproportionate number of healthier individuals surviving to older ages. In fact, even our longitudinal results may underestimate the full effect of age, due to possible nonresponse bias incurred by the 18% of respondents who had died or were too ill to interview in Wave 2 (if these individuals experienced greater olfactory decline than the general population). Future work utilizing at least three waves of data is required to determine how the rate of change in olfactory function is related to the likelihood of death or infirmity.
We also found that the rate of olfactory decline is greater among men, as did two of the three prior studies. Physiological differences between men and women may explain these results. Hormonal differences may play a neuroprotective role earlier in life, which may then remain evident even after menopause. Estrogen and progesterone may have beneficial effects on olfactory stem cells in the periphery or the central nervous system, which might retard subsequent losses after their levels decline (30, 31) . Additionally, nerve function may decline more rapidly in men; for example, cognitive function declines faster in men than women (32) (we adjusted for gross differences in cognitive function in our analysis).
Results concerning racial/ethnic differences were less clear. Although racial/ethnic differences in the mean change were not evident when averaged across the entire sample, there was some evidence that African Americans with a perfect (or near-perfect) score in Wave 1 were more likely to suffer a subsequent decline than their White counterparts. This is consistent with the possibility that the onset of aging and its consequences is accelerated among African Americans. However, additional waves of data are required to distinguish this possibility from other potential explanations.
Age and gender differences in the rate of decline were unaffected by adjusting for potential socioeconomic and health confounders, suggesting that presbyosmia is an independent phenomenon not Notes: CI = confidence interval. *Model also includes education, household assets, cognition, self-rated physical health, comorbidity index, depressive and anxiety symptoms, perceived stress, smoking, and problem drinking. Notes: CI = Confidence Interval. *Perfect prediction among the six coded as "Other" who had one error in Wave 1 and these six were dropped from the analysis.
driven by other health or social factors. This is consistent with several potential mechanisms for presbyosmia discussed in the literature. For example, this may be a natural phenomenon of age-related decline related to decreased stem cell turnover (33) , especially since the olfactory bulb is one of the key areas of adult neurogenesis (34) . Alternatively, degeneration of the peripheral olfactory system could be affected by changes in mucosal immunity or structural changes in the nose that are known to occur (35) . Interestingly, although not the focus of our study, comorbidity, physical and mental health, tobacco use, alcohol, and cognitive function did not affect the rate of change in olfactory function over 5 years. This may reflect the hardiness of the olfactory system and its ancient evolutionary importance in human physiology. Indeed, our findings provide support for prior work in model systems suggesting that innate features of olfactory physiology such as decline of stem cell turnover in the olfactory epithelium, degeneration of the connections of it to the central olfactory regions, neurosenecence of those central regions themselves, or environmental influences that affect these functions may underlie the decline of the sense of smell with time. Recent experiments in mice suggest plasticity in these processes and implicate specific molecules in this resilience. Although, there are not yet definitive data in humans (36, 37) , if true, it would offer the possibility that we might develop interventions to mitigate or reverse these changes to improve olfactory performance (38) .
Although this study extends prior work by providing nationwide estimates of the rate of age-related olfactory decline and its correlates, more work remains to be done. For example, our study relied on odor identification as the sole measure of olfactory function, however it will be important to determine if the effect of age on other measures, such as olfactory threshold, is similar. In addition, as noted above, further work with additional waves of data is necessary to determine how the rate of change in olfactory function is related to the likelihood of death or infirmity and to model the dynamics of age-related change more thoroughly. Finally, future work should investigate the antecedents of presbyosmia, such as pollution exposure, early life experiences, and detailed information on nasal function. Identifying such factors will help to determine who is at greatest risk of olfactory decline during older age. Future work involving longe follow-up should also be done to determine the consequences-both health related and social-of this condition.
In summary, among older adults, olfactory function declines faster with increasing age and among men. Understanding what specific factors underlie these findings will provide fundamental insight into mechanisms of chemosensory aging, with broad implications for other senses.
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